Autographa californica multiple nucleopolyhedrovirus (AcMNPV), a prototype member of the Baculoviridae family, has gained increasing interest as a potential vector candidate for mammalian gene delivery applications. AcMNPV is known to enter both dividing and nondividing mammalian cell lines in vitro, but the mode and kinetics of entry as well as the intracellular transport of the virus in mammalian cells is poorly understood. The general objective of this study was to characterize the entry steps of AcMNPV-and green fluorescent protein-displaying recombinant baculoviruses in human hepatoma cells. The viruses were found to bind and transduce the cell line efficiently, and electron microscopy studies revealed that virions were located on the cell surface in pits with an electron-dense coating resembling clathrin. In addition, virus particles were found in larger noncoated plasma membrane invaginations and in intracellular vesicles resembling macropinosomes. In double-labeling experiments, virus particles were detected by confocal microscopy in early endosomes at 30 min and in late endosomes starting at 45 min posttransduction. Viruses were also seen in structures specific for early endosomal as well as late endosomal/lysosomal markers by nanogold preembedding immunoelectron microscopy. No indication of viral entry into recycling endosomes or the Golgi complex was observed by confocal microscopy. In conclusion, these results suggest that AcMNPV enters mammalian cells via clathrinmediated endocytosis and possibly via macropinocytosis. Thus, the data presented here should enable future design of baculovirus vectors suitable for more specific and enhanced delivery of genetic material into mammalian cells.
At present, viral vectors appear to be the most efficient tools for gene delivery applications, with a promising newcomer being Autographa californica multiple nucleopolyhedrovirus (AcMNPV), a member of the Baculoviridae family. The host specificity of baculovirus was long supposed to be restricted to arthropods until Volkman and Goldsmith (53) showed that the viruses were efficiently taken up by mammalian cells. Later, Hofmann and colleagues (22) reported that the recombinant baculoviruses were also able to deliver genes into human hepatocytes. Since then, baculovirus has been shown to transduce a variety of both dividing and nondividing mammalian cells in vitro with significant efficiency resulting in stable foreign gene expression depending on the promoter (8, 39, 42, 48, 49) . Although crucial for development of baculovirus-based gene therapy vectors, entry of baculovirus into mammalian cells is still poorly understood.
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is an enveloped lepidopteran insect virus with a circular double-stranded DNA genome (ϳ134 kb) and a rod-shaped nucleocapsid. The sequence of the viral genome has been determined (3), whereas the detailed structure of the virion has been only partially described. The major protein of the viral nucleocapsid is vp39, whereas that of the envelope is the viral glycoprotein gp64 (9) . The infection of budded virus (AcMNPV) in Spodoptera frugiperda cell culture is thought to represent general secondary infection in the insect host. Baculovirus has been shown to enter insect cells via adsorptive endocytosis (6, 54, 55) , with the uptake to intracellular vesicles occurring between 10 and 20 min postinfection. The cellular receptor, however, has not been identified. The nucleocapsids are further released from endosomes between 15 and 30 min postinfection. (6, 19, 25, 32, 51) with the help of the baculovirus membrane protein gp64 (7) . After uncoating, the nucleocapsid induces the formation of actin filaments in the cytoplasm and is transported towards the nucleus (10, 26) . Finally, nucleocapsids interact with the nuclear pore, enter the nucleus, and uncoat (18, 56) .
Entry of baculovirus to mammalian cells has been thought to be similar to that found in insect cells. Cell surface molecule interactions with baculovirus during uptake in mammalian cells are unclear; however, the virus has been suggested to use rather widely distributed and heterogeneous cell surface motifs (14) . The first evidence for use of the endosomal pathway during baculovirus entry was provided by transducing cells in the presence of chloroquine, bafilomycin A1, and ammonium chloride, which all strongly prevented viral transduction (8, 22, 42, 52) . Further, the baculovirus envelope and the early endosomal membrane were proposed to fuse (25, 52) , presumably with help from the major viral membrane glycoprotein gp64. After endosomal escape, the nucleocapsid has been suggested to be transported into the nucleus by actin filaments, both viral capsids, and genome traversing through nuclear pores (25, 46) .
Baculovirus vectors have emerged as promising for gene delivery to mammalian cells of different origin, especially human hepatocytes (4, 8, 12, 22, 52). Similar levels of expression have been observed for both baculovirus and replication-defensive adenovirus vectors (1, 27, 48) . Baculovirus is also unable to replicate in mammalian cells (53) and can accommodate large foreign DNA inserts (Ͼ50kb) and be amplified to high titers (11, 13, 38) . Baculovirus-mediated transduction in vivo, however, has been hampered due to inactivation by serum complement (23, 50) . Targeting of baculovirus to mammalian cells, improved by genetic engineering of the viral surface, has therefore become important for in vivo gene therapy strategies (17, 24, 36, 37, 39, 40, 43, 45) .
The entry routes of viruses used for gene therapy purposes should be known for future development of safe gene transfer systems. In the present study, we have characterized the entry of baculovirus (AcMNPV) in detail using the human hepatoma cell line (HepG2). Viral detection was carried out by various confocal and electron microscopy techniques, including nanogold preembedding labeling. To our knowledge, these studies provide the first direct evidence of baculovirus entry via clathrin-mediated endocytosis into mammalian cells.
MATERIALS AND METHODS

Cells and viruses.
The Spodoptera frugiperda insect cell line (Sf9) was grown in monolayer or suspension cultures at ϩ27°C in serum-free HyQSFX-insect medium (HyClone Inc., Logan, UT) in the absence of antibiotics. The human hepatoma cell line (HepG2) was grown in monolayer cultures in Dulbecco's modified Eagle medium (DMEM) containing 10% inactivated fetal calf serum (FCS), penicillin-streptomycin, and L-glutamine at ϩ37°C in 5% CO 2 (Gibco BRL, Paisley, United Kingdom). Wild type, Autographa californica nucleopolyhedrovirus (AcMNPV), and recombinant baculoviruses vp39EGFP (25) and AcCMVEGFP (16) were used. The virus titers were determined by end point dilution assays using Sf9 cells (38) .
Antibodies. The antibodies directed against AcMNPV gp64 monoclonal antibody (B12D5) and vp39 (p10C6) were kindly provided by L. Volkman (University of California, Berkeley, CA). The mouse monoclonal antibody against early endosome antigen 1 (EEA-1) and the monoclonal antibody against Golgi-matrix protein (GM130) were from Transduction Laboratories (Lexington, KY). The polyclonal antibody against recycling early endosomes (Rab11) and the monoclonal antibody against late endosomal/lysosomal protein CD63 were from Zymed Laboratories (South San Francisco, CA). The polyclonal antibody against late endosomes, cation-independent mannose-6-phosphate receptor (CI-MPR) has been described previously (31) . The monoclonal antibody against the transGolgi network (TGN-38) was a generous gift from G. Banting (University Walk, Bristol BS8 1TD, United Kingdom). In double-labeling experiments, Alexa-546-conjugated anti-mouse antibody and Alexa-488-conjugated anti-rabbit antibody were used (Molecular Probes Inc., Eugene, OR). Nanogold-conjugated secondary antibodies were from Ladd Research Industries (Williston, VT).
Transduction of HepG2 cells. For internalization studies, HepG2 cells were grown to subconfluency on coverslips or plates for 2 days at ϩ37°C. After washing with phosphate-buffered saline (PBS) on ice, cells were transduced with wild-type virus (multiplicity of infection [MOI] of 80 to 100 for confocal microscopy or MOI of 500 to 1,000 for electron microscopy) or vp39EGFP (MOI of 200 for confocal microscopy) in Dulbecco's modified Eagle's medium (DMEM) containing 1% FCS on ice for 1 h. Cells were washed with 1.5% bovine serum albumin-PBS on ice and incubated further in DMEM containing 10% FCS at ϩ37°C. At set time intervals posttransduction (0 to 4 h), cells were fixed for confocal microscopy either with methanol (on ice for 6 min) or with 4% paraformal dehyde (PFA) in PBS (at room temperature [RT] for 20 min) and, for electron microscopy, cells were fixed with periodate-lysine-PFA fixative (PLP) at ϩ4°C on (4% PFA, 75 mM lysine-HCl-Na-phosphate buffer, 2.13 mg/ml NaIO 4 ). In the enhanced green fluorescent protein (EGFP) expression studies, cells were transduced with AcCMVEGFP virus (MOI of 90) in DMEM containing 10% FCS at ϩ37°C for 2 to 24 h and fixed with 4% PFA in PBS.
Immunofluorescence and confocal microscopy. After transduction and fixation, analysis of immunofluorescence stainings was performed depending on the fixing method, and coverslips were embedded in Mowiol-DABCO (25 mg/ml). The samples were examined with a laser-scanning confocal microscope (LSM 510; Zeiss Axiovert 100 M) by using appropriate excitation and emission settings.
For double-labeling experiments, multitracking for 488-and 546-nm laser lines was used to avoid false colocalization.
Nanogold preembedding immunoelectron microscopy. For the electron microscopy studies, HepG2 cells were grown to subconfluency and transduced and fixed as described above. After fixing, cells were washed with phosphate buffer (0.1 M Na 2 HPO 4 , pH 7.4) and permeabilized with saponin buffer (0.01% saponin-0.1% bovine serum albumin-0.1 M Na 2 HPO 4 ). Cells were incubated with appropriate primary and nanogold-conjugated secondary antibodies at RT for 1 h, both diluted in saponin buffer. After the washes with saponin and the phosphate buffers, the postfixation (1% glutaraldehyde in 0.1 M phosphate buffer) and quenching (50 mM NH 4 CL in Na 2 HPO 4 ) were performed, followed by silver enhancement (Nanoprobes, Yaphank, N.Y.) and gold toning (2% Naacetate, 0.05% HAuCl 4 , and 0.3% Na-thiosulphate in H 2 O). The cells were further postfixed [1% osmium tetroxide, 0.1 M phosphate buffer, K 4 Fe(CN) 6 15 mg/ml] at ϩ4°C for 1 h and dehydrated with 70% and 96% ethanol, stained with 2% uranylacetate, and embedded in LX-112 Epon [Ladd Research Industries, Williston, VT]. Polymerization was performed during 24 h, first at ϩ45°C and then at ϩ60°C. The samples were further stained with toluidine blue, cut with ultramicrotome (Reichert-Jung; Ultracut E) and stained with uranylacetate and lead citrate. The examination was performed with a JEOL JEM-1200EX transmission electron microscope operated at ϳ60 kV.
Ruthenium red staining for electron microscopy. After transduction, cells were washed (cacodylate buffer, pH 7.3), fixed, and stained with 1.3% glutaraldehyde and 0.07 mg/ml ruthenium red in cacodylate buffer at RT for 1 h. The cells were postfixed with 1.7% osmium tetroxide containing 0.07 mg/ml ruthenium red (in cacodylate buffer, pH 7.3, for 3 h RT), dehydrated in 70% and 96% ethanol, stained with 2% uranylacetate, and embedded in LX-112 Epon. Polymerization, further staining, and cutting was carried out as described above.
RESULTS
General course of baculovirus transduction.
It has been previously shown that baculovirus transduces HepG2 cells efficiently (4, 8, 12, 22, 52) . In this study, the internalization and intracellular localization of wild-type, CMVEGFP, and vp39EGFP baculoviruses were detected in HepG2 cells by confocal and electron microscopy.
To study the general course of baculovirus entry into HepG2 cells, a recombinant baculovirus, AcCMVEGFP (16), expressing EGFP under a cytomegalovirus promoter was used. As shown by quantitative analysis, EGFP expression was first detected at 6 h posttransduction (p.t.), in which approximately 3% of the transduced cells were positive ( Fig. 1A and B) . A significant increase in expression was observed at 12 h p.t., with the maximum level being reached at 22 h p.t. At this time point, approximately 30% of the transduced cells expressed EGFP.
Cellular binding of baculoviruses. In confocal microscopy, wild-type baculoviruses labeled with nucleocapsid antibody vp39 were used to monitor the cell surface binding to HepG2 cells. In these studies, viruses were shown to bind to all HepG2 cells efficiently, concentrating on certain areas of the plasma membrane. At 5 to 15 min p.t., distinct cluster formations of viruses on or nearby the plasma membrane were observed ( Fig.  2A) . After 30 min p.t., virus was increasingly detected in perinuclear accumulations, which were most clear during 1 to 2 h p.t. (Fig. 2B) . At later time points (3 to 4 h p.t.), viral capsids were seen in the nucleus, although a substantial number of viral capsids remained in the cytoplasm.
Binding of baculovirus to HepG2 cells was further observed using electron microscopy (EM) with ruthenium red staining (Fig. 3A) and nanogold preembedding labeling. Due to the large size of the baculovirus particles, visualization by EM without immunolabeling of the capsid was possible (46, 52) . In this study, unlabeled electron micrographs showed that wild- (30) , which stains the outer leaflet of the plasma membrane and extracellular-enveloped baculovirus, virus particles were frequently seen attached to microvilli-like structures (Fig. 3D) . Interestingly, these structures were more abundantly seen in transduced cells relative to untransduced control cells. Cellular uptake of baculoviruses. Many viruses are known to internalize via clathrin-mediated endocytosis (41) . Although baculovirus has been suggested to use this endocytosis route, no direct evidence has yet been presented to our knowledge. Here, the internalization of baculovirus was further detected at various time points by electron microscopy, in which clathrincoated pits were clearly visible without antibody labeling by the characteristic bristle density seen on the cytosolic side of coated membranes (33) . Starting at 30 min p.t., some baculoviruses were seen at the cell surface in pits with an electrondense coating resembling clathrin (Fig. 3B) . At this time point, virus was also seen near the plasma membrane in small noncoated cytoplasmic vesicles. However, no viruses in clathrincoated vesicles were found. Interestingly, EM studies revealed that virus particles also were observed in larger noncoated plasma membrane invaginations and in larger vesicles near the cell surface at 30 min p.t. (Fig. 3C ). This was confirmed by ruthenium red staining, which showed that the invaginations were not contiguous with the plasma membrane, but were actually cytoplasmic vesicles containing several virus particles (Fig. 3D) .
Endocytic compartments in baculovirus entry. To further study baculovirus entry, different endocytic markers were used. In confocal microscopy, baculovirus displaying EGFP as a fusion to the capsid protein vp39 (vp39EGFP) (25) was shown to colocalize markedly with an early endosomal marker (EEA-1) from 15 min up to 1 h p.t. (Fig. 4A) . Maximum colocalization was estimated visually to take place at 30 to 45 min p.t. Colocalization was not further observed after 1.5 h p.t. In addition, by using nanogold preembedding immunoelectron microscopy, virus particles were detected in structures that were positive for EEA-1 from 30 min to 1.5 h p.t.
In further immunolabeling studies of transduced cells, where the virus was identified with antibodies against the vp39 capsid protein or gp64 membrane protein, samples were colabeled with markers for recycling early endosomes, late endosomes, lysosomes, and the Golgi complex. In confocal microscopy, no colocalization of virus and recycling early endosomes (antirab11, Fig. 4B ) or the Golgi complex (anti-TGN-38, anti-GM130, data not shown) was observed during 4 h p.t. Interestingly, the late endosomal marker, CI-MPR, showed partial colocalization with the virus (anti-vp39 and anti-gp64) starting at 45 min p.t (Fig. 5) . Maximum colocalization of labeled baculoviruses with late endosomes was estimated visually to take place at 1.5 h p.t. At later time points, colocalization with the viral capsid vp39 started to decrease, while the viral envelope glycoprotein gp64 stayed clearly colocalized. The pres- ence of baculoviruses in these endosomal compartments was confirmed by nanogold immunoelectron microscopy, which showed enveloped virus particles in structures that were positive for the late endosomal/lysosomal membrane glycoprotein CD63 at 2 to 4 h p.t.
DISCUSSION
Knowledge of the interaction of baculovirus with mammalian cells is essential for the development of baculovirus-based gene delivery vectors. So far, baculovirus vectors have been shown to transduce various dividing and nondividing mammalian cell lines in vitro (1, 8, 12, 20, 29, 42, 48, 49, 52) . Baculovirus-mediated gene transfer has also been successful in vivo (1, 21, 23, 24, 27, 42, 47, 48, 50) . Several important aspects of baculovirus entry to mammalian cells, however, have not been studied in detail. A receptor has not been identified, and the mode and kinetics of entry and intracellular transport are unknown. Therefore, the aim of the present study was to characterize the internalization and intracellular localization of baculovirus in human hepatoma cells (HepG2).
Numerous studies have previously demonstrated that baculovirus is able to transduce various hepatoma cell lines efficiently and HepG2 cells preferentially (4, 8, 12, 22, 52) . Recently, baculovirus nucleocapsids were shown in early endosomes at 30 min p.t. (25) and in the cytoplasm or the nucleus of HepG2 cells at 4 to 6 h p.t. (25, 46) . In this study, particularly the early entry phase of baculovirus transduction was investigated. In general, baculovirus entry seemed to be a relatively slow and nonsimultaneous process. By confocal and electron microscopy, baculovirus particles were seen on the cell surface at 0 to 30 min p.t. (Fig. 2A, 3A, and 3D ) and, later, enveloped nucleocapsids were seen in intracellular vesicles (Fig. 3D, 4A, and 5) . Baculovirus capsids were also detected inside the nucleus (Fig. 2B) although relatively large amounts of virus remained in the cytoplasm. In addition, quantitative analysis using confocal microscopy revealed that expression of EGFP was first detected at 6 h p.t. when the recombinant AcCMVEGFP baculovirus was used. The maximum level of EGFP expression, approximately 30% of cells, was reached at 22 h p.t. (Fig. 1A and 1B ), being consistent with the report of Salminen et al. (46) , in which 20% of transduced HepG2 cells were shown to produce ␤-galactosidase at 24 h p.t.
The early events of a viral infection include attachment of the virion to the receptor followed by entry into the cell and subsequent release of the genome. Despite numerous efforts, the natural receptor for baculovirus has not yet been discovered. Because of the wide range of mammalian cells that are susceptible to baculovirus transduction, it is likely that the target molecule is a relatively universal cell surface component, possibly heparan sulfate or even a phospholipid (14, 45, 51) . Involvement of the viral envelope glycoprotein gp64 has also been proposed (7, 19, 54) . In fact, Tani et al. (51) suggested that the interaction of gp64 and phospholipids on the cell surface might be involved in binding or penetration of baculovirus into mammalian cells. In this study, clustering of virus particles at certain areas of the cell surface was evident at 5 to 15 min p.t. using surface projection in confocal microscopy ( Fig. 2A) . Moreover, the accumulation and the internalization of viral clusters during the first 20 min p.t. were clearly detectable in preliminary live-cell imaging experiments (data not shown). These findings may indicate that baculovirus accumulates at specific receptors or areas with high endocytic activity (15) on the plasma membrane. Together, baculovirus seems to concentrate on certain areas on the HepG2 cell surface and these clusters seem to internalize with time.
Volkman and Goldsmith (54) were the first to report that baculovirus enters insect cells via adsorptive endocytosis, likely via the clathrin-mediated pathway. Baculovirus was also seen in cytoplasmic vesicles by electron microscopy in Pk1 and HepG2 cells (46, 52) and more specifically in early endosomes in HepG2 cells (25) . However, no other direct evidence of the use of the clathrin-mediated pathway in baculovirus entry to mammalian cells has been published. Here, baculovirus was, to our knowledge, seen for the first time in clathrin-coated pits by electron microscopy on the surface of HepG2 cells at 30 min p.t. (Fig. 3B) . Clathrin-coated vesicles containing viruses, however, were not found, although small noncoated vesicles near the cell membrane were detected. This might be due to the quick disassembly of the clathrin coat after pinching (35) . In conclusion, these data indicate that baculovirus uses at least clathrin-mediated endocytosis as one of its entry pathways to HepG2 cells. However, baculovirus attachment to clathrincoated pits seemed to be a relatively rare phenomenon, and therefore other internalization mechanisms could also coexist.
Clathrin-mediated endocytosis is known to lead to early and late endosomes, and finally to lysosomes (35) . So far, many different viruses have been shown to utilize this pathway for release of the viral capsid to the cytoplasm from the early or late endosomes in mammalian cells (41) . The baculovirus envelope has also been suggested to fuse with the early endosomal membrane at about 1 h p.t. under mildly acidic conditions with the help of the viral protein gp64, after which the capsid is released to the cytoplasm (52) . Recent data by Kukkonen and coworkers (25) suggests that baculovirus escapes from early endosomes after 30 min p.t., since inhibition of the early endosome acidification by monensin led to the block of baculovirus capsid escape from EEA1-positive early endosomes into the cytoplasm. In this study, the role of early endosomes in baculovirus entry was further studied by using immunofluorescence labeling with an early endosome marker, EEA1, and vp39EGFP as well as by nanogold preembedding labeling electron microscopy. In these experiments, enveloped baculovirus particles were shown in early endosomes starting at 30 min p.t. (Fig. 4A) . No virus, however, was seen in these structures after 1.5 h p.t. or in recycling early endosomes (Fig. 4B) , presumably indicating that the virus was already transported to other cell compartments or that the capsid had escaped to the cytosol. To study the endosomal escape and to distinguish the time point of capsid release from the intracellular vesicles, immunofluorescence labeling was performed with both anti-gp64 and antivp39 antibodies. The late endosomal marker, CI-MPR, and wild-type baculovirus labeled with anti-vp39 or anti-gp64 started to colocalize at 45 min p.t. (Fig. 5) with a maximum at 1.5 h p.t. All internalized virus, however, did not colocalize with the late endosomal marker, but rather was seen near the nuclear area, suggesting that some virus particles were already released before entering the late endosomes and/or had proceeded to the later structures of the clathrin pathway. Also, in the nanogold preembedding immunolabeling experiments, enveloped baculoviruses were seen at 2 to 4 h p.t. in intracellular (44) , clathrin vesicles were suggested to have an upper size limit of approximately 200 nm. In this study, other possible baculovirus entry routes were therefore investigated by electron microscopy. In addition to clathrin-coated pits, baculovirus was found in larger plasma membrane invaginations at the cell surface containing several enveloped viruses (Fig. 3C) . Importantly, the sizes of these vesicles were comparable to the size of macropinosomes, being 0.5 to 2.0 m in diameter (5) . Macropinocytosis, the best-studied cell-type-specific receptorindependent endocytic pathway associated with actin-dependent plasma membrane ruffling, has previously been suggested to be stimulated by some viruses to enhance acid-activated penetration from endosomes and macropinosomal vesicles (34, 41) . Viruses have also been shown to induce the formation of microvilli on the cell surface (28, 34) . Interestingly, Bilello et al. (4) have suggested that baculovirus entry to primary hepatocytes may require contact with the basolateral surface, which contains numerous microvilli (2). The occlusion-derived baculovirus has also been shown to fuse with the microvillar membrane of columnar epithelial cells in the highly alkaline midgut environment at low temperatures (38) . In this study, baculovirus seemed to induce formation of microvilli and resided primarily on those areas of the cell surface (Fig. 3D) . The higher occurrence of microvilli-like structures in virus-treated cells than in control cells may support the use of the macropinocytosis route in baculovirus entry.
Baculovirus holds great promise for the development of more efficient, safe, and specific gene therapy vectors. Understanding the molecular mechanisms of viral entry is of utmost importance for the development of gene therapy vector systems. In summary, our results suggest that baculovirus entry into human hepatoma cells is a relatively slow process, probably due to the large size of the virus. Electron microscopy analysis showed viruses at the following multiple cellular locations: at the cell surface, in clathrin-coated pits, in early endosomes, and in intracellular vesicles resembling macropinosomes. In confocal microscopy and nanogold preembedding electron microscopy, the baculovirus particles were shown to colocalize with early and late endosomal/lysosomal markers. These results suggest that baculovirus may enter mammalian cells by both clathrin-mediated endocytosis and macropinocytosis. Together, the data presented here should enable future design of baculovirus vectors suitable for specific and enhanced delivery of genetic material into human cells and tissues.
